An automated hydrodynamic sequential injection (HSI) system with spectrophotometric detection was developed. Thanks to the hydrodynamic injection principle, simple devices can be used for introducing reproducible microliter volumes of both sample and reagent into the flow channel to form stacked zones in a similar fashion to those in a sequential injection system. The zones were then pushed to the detector and a peak profile was recorded. The determination of nitrite and nitrate in water samples by employing the Griess reaction was chosen as a model. Calibration graphs with linearity in the range of 0.7 -40 mM were obtained for both nitrite and nitrate. Detection limits were found to be 0.3 mM NO2 -and 0.4 mM NO3 -, respectively, with a sample throughput of 20 h -1 for consecutive determination of both the species. The developed system was successfully applied to the analysis of water samples, employing simple and cost-effective instrumentation and offering higher degrees of automation and low chemical consumption.
Introduction
Recently, greener analytical methods which minimize the use of toxic chemicals and/or eliminate the generation of toxic wastes are strongly demanded, in order to prevent the environmental pollution and human hazards. Several flow-based analysis approaches have been proposed for development of green analytical chemistry, such as flow injection (FI), sequential injection (SI), bead injection (BI), lab-on-valve (LOV), and micro total analysis (mTAS) or lab-on-a-chip (LOC), since they provide many advantages as previously summarized. 1 However, some approaches may require sophisticated or expensive instruments, so cost effective approaches, e.g., lab-at-valve (LAV), 2,3 multicommutation, 4 multipumping, 5 and hydrodynamic sequential injection (HSI) 6 have been proposed as alternative choices. Hydrodynamic injection was used in FIA as a costeffective sample-introducing device. 7 In HSI, both sample and reagent(s) are sequentially introduced to form stacked zones in a tubing while the carrier flow is halted. When the carrier flow restarts to push the zones to a detector, zone penetration occurs in the same way as in SI, leading to mixing and allowing the reaction to proceed. HSI operation is similar to SI, but with the usage of cost-effective devices such as solenoid valves and three-way connectors; it was therefore called hydrodynamic sequential injection analysis. In contrast to SI whose operation must be controlled by a computer, HSI can be operated manually, 6 semiautomatically by employing a microcontroller, 8 or fully automatically under computer control.
In this work, an automated HSI was developed for sequential determination of nitrite and nitrate. Nitrite and nitrate are important parameters that indicate the quality of water. Their presence in water at high levels is toxic to aquatic species. Excess of nitrate entering water by surface run off from agriculture areas can lead to algae blooms and eutrophication. The most popular method for determination of nitrite and nitrate is spectrophotometric based on the Griess reaction, 4, [9] [10] [11] [12] [13] [14] in which nitrite reacts with sulfanilic acid in acidic medium to form diazonium salt that reacts further with alphanaphthylamine to produce pink-colored azo dye (lmax ~540 nm). Nitrate is reduced to nitrite, usually by using a copperized cadmium column, before being determined by the same reaction to obtain the total concentration of nitrite plus nitrate. The concentration of nitrate was then calculated by subtracting the nitrite concentration with the total concentration. This reaction gives good sensitivity; however, it requires expensive and toxic/carcinogenic chemicals.
Many of the flow-based methods mentioned above have been developed in order to reduce the amounts of chemicals used. SI systems using the Griess reaction were proposed for determination of nitrite and nitrate in dairy products, 9 soil 10 and cured meat, 11 and for determination of nitrate in vegetables. 12 An FI system based on multi-commutation was developed for nitrite and nitrate determinations in water. 4 Micro FI 13 and FI with solenoid pump 14 were developed for determination of nitrite and nitrate in water. Nitrite can also act as a catalyst for redox reactions of bromate with some chromogenic agents, e.g., crystal violet, 15 18 FI with direct UV detection of nitrate after ion exchange column preconcentration was developed. 19 In this work, we have developed an automated HSI system aiming at simpler, more cost-effective devices with low chemical consumption. As a model, the determination of nitrite and nitrate based on the Griess reaction was applied.
Experimental

Reagents and chemicals
Analytical reagent grade chemicals and ultrapurified water from an Elix 3/Milli-Q element system (Nihon Millipore, Japan) were used throughout.
Stock standard solutions (20 mM) of nitrite and nitrate were prepared by dissolving 0.1380 g of sodium nitrite and 0.1700 g of sodium nitrate (Wako Pure Chemicals, Japan), respectively, in water in 100 mL volumetric flasks. Working standard solutions were prepared daily by diluting the stock standard solutions to the desired concentrations. The copperized cadmium reduction column was prepared as described by Higuchi and Motomizu. 20 The copperized cadmium was packed in a glass column (2 mm i.d. ¥ 15 cm).
A conditioning solution for the reductor column was prepared by dissolving 0.70 g of EDTA (disodium salt, dihydrate, Dojindo, Japan) and 3.00 g of ammonium chloride (Kanto Chemical, Japan) in water, making the volume to 1000 mL with water, and adjusting the pH to 8.2 with a sodium hydroxide solution.
HSI manifold and operation procedure
The manifold of the HSI system for determination of nitrite and nitrate is illustrated in Fig. 1 . All tubings used were of PTFE with 0.5 mm i.d., except Tygon tubing (0.79 mm i.d.) was used as sleeves to connect PTFE tubes to three-way connectors. The connection network of three-way connectors and tubings formed segments, A, B, C and D of a defined volume of about 20 mL each. Solenoid pumps (Bio-chem Valve, Inc., USA) were used for propelling solutions, and solenoid valves (Tagasago Electric, Inc., Japan) were used to direct the solutions to appropriate directions. Absorbance was monitored by an LED colorimeter (FIA Lab Instrument, Japan) equipped with a flow cell of 10 mm path length. Instrument control and data acquisition were done by a personal computer via a data acquisition card (AT-MIO-16XE-50; National Instruments, Austin, TX) employing an in-house written program based on LabVIEW ® software (Ver. 7; National Instruments, Austin, TX). Operation of the system was fully controlled by a computer using the sequence as described in Table 1 . There are two main procedures: determination of nitrite concentration (lower line, Fig. 1 ) and determination of total nitrite plus nitrate (upper line, Fig. 1 ) concentration. Firstly, copperized cadmium column was treated with conditioning solution (R1). Then, a standard/sample (S) was introduced through the copperized cadmium column to fill segment A of the upper line and to directly fill the segment C of the lower line. Reagent (R2) was pumped by the SP3 to fill segments B and D. Then, SP1 was operated to propel the water carrier to push the stacked zones of sample and reagent in the lower line and the upper line, consecutively, through the mixing coil to the detector; thus peak profiles for nitrite alone and nitrite plus nitrate determinations were both recorded. A calibration graph for nitrite was constructed by plotting the peak height obtained against the nitrite concentration.
For nitrate determination, the peak height of nitrite (the first peak) was subtracted from the peak height of nitrite plus nitrate (the second peak) and then the resulting peak height was plotted versus nitrate concentration. Each sample was analyzed using the calibration graphs.
Sample preparation
Water samples were filtered through a 0.45-mm membrane filter before analysis. River and drain water samples were collected in cleaned PTFE bottles and analyzed within 24 h. Tap water samples were taken from a local pipe line which the water was discarded 5 min before sampling. Drinking water samples were collected and analyzed within 24 h without any preservation.
Results and Discussion
By using only tubings with three-way connectors, segments of well-defined volumes were created. The solutions could be introduced to form these segments by the hydrodynamic injection 7 with the help of solenoid valves to control the direction of the solution flow. Extended from the hydrodynamic injection in FIA during which only the sample was injected, in the HSI both sample and reagent were injected to form stacked zones. Zone penetration similar to that in SIA occurred while the stacked zones were pushed through a mixing coil to the detector, leading to production of the reaction product to be measured at the detector. In SIA, volumes of sample and reagents can be variably and accurately aspirated using a high quality syringe pump and a selection valve. However, excessive volume of the zones could reduce penetration of the sample and reagent zones causing less reaction to occur. 21 In HSIA, the volumes of solutions were fixed by the defined volumes of the tube between the T-connectors (20 mL each zone in this case), so a simple pump can be used for aspirating the solutions with reproducible volumes. Effects of the experimental variables such as carrier flow rate, mixing coil length and concentrations of reagents were studied. ) by adjusting the frequency of the solenoid pump via computer programming. A series of mixed standard solutions of nitrite (2 -10 mM) and nitrate (2 -10 mM) was introduced to the system in order to construct calibration graphs for nitrite and nitrite plus nitrate. Then, plots of the slopes of each calibration graph versus flow rate were drawn. From the results, at a flow rate of higher than 2 mL min -1 , decreases in sensitivity were observed for both nitrite and nitrate determinations. This may be due to less progression of the reaction at higher flow rate. In the case of nitrate, a sharp decease in sensitivity was observed at a higher flow rate. This should be due to less conversion of nitrate to nitrite at the reduction column. A flow rate of 2 mL min -1 was selected as it gave good sensitivity and fast analysis for both the nitrite and nitrate determinations. It should be noted that the slope of the calibration graph for nitrite was higher than that of nitrite plus nitrate. This was because the percent conversion of nitrate to nitrite is less than 100% (85 -90%). By reducing the peak height of nitrite plus nitrate by the peak height of nitrite alone, a calibration graph for nitrate could be constructed. Since the upper and lower lines of the manifold are identical, the peak heights of nitrite injected into the two lines are not different (<3%).
The effect of mixing coil length was studied similarly. A longer mixing coil length yielded slightly lower sensitivity for both nitrite and nitrate determinations. A mixing coil length of 190 cm was chosen.
Effect of reagent concentrations
Effects of concentrations of sulfanilamide and NED were similarly studied. The sensitivities for both nitrite and nitrate determinations increased with increasing of the reagent concentrations and then leveled off. The results indicated that 0.15 M sulfanilamide and 0.01 M NED should be selected.
Griess reactions take place in an acidic medium, so the effect of hydrochloric acid concentration was examined in the range of 0.2 -0.6 M. The results indicated that HCl concentration only slightly affected the sensitivity for both the determinations; therefore, 0.4 M HCl was selected. It should be noted that higher noise was observed for a higher HCl concentration.
Analytical characteristics
Under this selected set of conditions: flow rate of 2 mL min -1 , mixing coil length of 190 cm, reagent solution containing 0.15 M sulfanilamide, 0.01 M NED and 0.4 M HCl, a series of mixed standard solutions of nitrite and nitrate was introduced into the system. Figure 2 illustrates the signal profiles. Linear calibration graphs in the ranges of 0.7 -40 mM nitrite (y = 0.012x + 0.027, R 2 = 0.9989) and 0.7 -40 mM nitrate (y = 0.009x + 0.027, R 2 = 0.9991) were obtained with a sample throughput of 20 h -1 . Detection limits calculated from 3 times of standard deviation of blank/slope of the calibration graphs were found to be 0.3 mM NO2 -(12 mg L -1 NO2 -) and 0.4 mM NO3 -(25 mg L -1 NO3 -). Precisions were investigated by 11 replicate injections of 8 mM NO2
-and 8 mM NO3 -under the selected conditions. Relative standard deviations were 1.0 and 1.9% for nitrite and nitrate, Table 1 ). 2+ , and Fe 3+ of known concentrations were added to a solution containing fixed concentrations (8.0 mM each) of NO2 -and NO3 -. The tolerance limits, defined as the maximum concentration of a foreign ion that causing a deviation of peak height of less than ±5% of the mean value of the peak due to standard solution without foreign ion, are summarized in Table 2 .
The results showed that the ions that are normally found in water samples would not interfere in the determination of nitrite and nitrate under the proposed conditions.
Recovery study
Three types of water samples, namely, river water, tap water and mineral drinking water were used for recovery studies by adding nitrite and nitrate standards of different concentrations. Recoveries were found to be 95 -103% for nitrite and 99 -104% for nitrate.
Analysis of water samples
Water samples, i.e., river, tap and mineral drinking, were analyzed for nitrite and nitrate contents by the proposed method. All samples were prepared as described above before injecting into the HSI system. Nitrite and nitrate contents in water samples are summarized in Table 3 .
It should be noted that nitrite was not detected in most samples. This may be because nitrite is oxidized to nitrate by oxygen, sunlight and some microorganisms. For tap water, chlorine is added in the process, and drinking water is pretreated before bottling. This would convert nitrite to nitrate.
Features of the HSI system
Analytical features of some flow based systems for nitrite and/or nitrate determinations are summarized in Table 4 . Performances of HSI systems in terms of linear range, detection limit, precision and sample throughput are comparable to those of the previously reported systems. However, this new flow strategy provides additional advantages in terms of low consumption and because of employing simple and relatively low cost devices, i.e., solenoid pumps and solenoid valves, to propel the solution and control flow direction of the solutions. The HSI operates in programmable flow manner similar to SI, thus reducing reagent consumption, and can easily be automated. 
